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ABSTRACT

The dependence of projectile double K.vacancy (hyper-—
satellite) x-ray yields on target thickness for ions moving
in thin solid targets is examined. For 2.3 MeV/amu Cl1 ions
incident on C foils, the double-~to-single K vacancy x-ray
yield increases by a factor of 3.5 over the range of thick-
nesses investigated, reaching values as high as 30%. A
quantitative explanation of the observed results is obtained

using the three-component model of Gardner et al.
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The production of ions with two K vacancies is of fundamental
interest in ion-atom collisionslﬁ3a Usually, double XK-vacancy pro-
duction is inferved from the ratio R = GZ/OX of hypersatellite- to-
single K vacancy x-ray yields, assuming the fluorescence yields for
single and double K wvacancies are the sameo1 This ratio has also been
used to determine double K vacancy sharing ratios between target and
projectile in near symmetric collisions,3 Furthermore, the experimental
determination of branching ratios for two-electron-one-photon transitions
usually requires a separate measurement of the double-to-single K vacancy
x~ray vield R495u In the above cited works, it was tacitly assumed that
R does not depend upon the target thickness.

In this letter we show that the evolution of double K vacancies
relative to single K wvacancies for an ion passing through a solid target
results in values for R which are strongly dependent on foil thickness.
For Cl ions incident on C foils, the measured values of R change by
a factor of 3.5 over the range of thicknesses examined, reaching values
as high as 0.30. By modelling the production and filling of K vacancies

97, based on the original

following the methods of Gray and coworkers
formulation by Allison89 we obtain a quantitative description of the
observed results. Similar analyses have previously been used to
. 697 s P 9‘*‘11 .
interpret both target and projectile single K=vacancy x-ray
production in heavy lon-atom collisions,

Single and double X wvacancy x~ray intensities have been measured

10+ . . . 2. .

for 2.3 MeV/amu (80 MeV) C1 ions incident on thin (10-150 pg/cm™) C
foils. Spectra were recorded by standard techniques and have been

described elsewherelz° X rays were detected in air at 900 to the

beam with a Kevex Si(Li) detector. The detector viewed the target



through a 25.4 ym Mylar window. In order to keep pileup and dead time
effects to a minimum, count rates were held to <400 counts/sec by
placing a 12.7-um aluminum absorber in front of the detector. A silicon
surface barrier detector was used for normalization of the incident beam
intensity. A cylindrical scattering chamber had provision for rotating
the particle detector. Absolute detector efficiency was calculated using
tabulated photon absorption cross sectionsl3 for the various absorbers
between target and detector. In addition, the detector efficiency was
determined experimentally using measured x~ray cross sections for 3 MeV
protonsléo The two efficiency determinations agreed to within 15%.
Typical x-ray spectra for two foil thicknesses are shown in Fig. 1.
It is seen that a shoulder appears on the high energy side of Ka,
while, in the case of KB, the presence of two peaks is evident. The
higher energy peak in each case is identified as being due to x-ray
transitions in the presence of two K vacancies, i.e. hypersatellite

. h .
transitions denoted by Kg and K respectively. The change in

8
relative x-ray vields with foil thickness is readily apparent.

The intensities of each of the four peaks were determined from a
least squares analysis of the sgpectrum, assuming Gaussian line shapes.
These intensities were corrected for absolute detection efficiency.
Resulting x-ray production yields EX and 52 for single and double

K vacancies, respectively, are shown in Fig. 2 plotted as a function

of target thickness. (EX 1s the sum of the Ko and KB transition

. . . -h h h | f
intensities while OX is the sum of the Ka and KB intensities).
It is seen that the single K-vacancy x-ray yield Sx decreases with

. . . , 11,12
target thickness in agreement with previous results for Cl + Cu L,

while the hypersatellite yield 52 increases with target thickness. The

curves through the SX and 82 data will be discussed below.



In order to interpret these results it was assumed that the single
K-vacancy data 5x could be described within the framework of the two-
component mode16 with the hypersatellite dats 82 treated as a pertur-
bation of this model. Since the hypersatellite intensity reaches 307
of the single K-vacancy intensity only for the thickest targets, this
is probably a reasonable assumption.

A least squares analysis of Ex was performed using the two-component
model following the procedure of Refs. 11 and 12. The result of the least
squares fit is shown by the dashed curve in Fig. 2. The fitting parameters
are listed in Table TI. 991 and 0,q are the formation and loss cross
sections, respectively, for a single vacancy. Wy and Ax are additional
parameters which are needed to characterize the z-ray production: wK is
the mean fluorescence yleld for the highly stripped projectile and AX
is the radiative decay probability per unit path length in the target.

(In refs. 11 and 12 ¢ is denoted by OV the vacancy production cross

01

section, and 010 is denoted by the sum OC + GT where OC is the cross
section for capture to the K-shell and OT is the cross section for
radiative or Auger decay.)

In order to interpret the hypersatellite data we must formulate
an expression for the measured 52 as a function of target thickness.
Contributions to the hypersatellite intensity from decays inside the
foil and outside the foil must be considered separately. Inside the
foil, the hypersatellite intensity dNi arising from an elemental thick-

ness dx of the foil 1is given by

i h
. = IOYz(x)Ade € (L
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where IO is the total number of incident ions, Yz(x) is the fraction of
, , . h .
ions at x with two K vacancies, Xx is the hypersatellite decay prob-

ability per unit path length, and ¢ 1is the detection efficiency.

Outside the foil the hypersatellite intensity Ng is

h
N, = IOYZ(T)ng (2)

o
h

where Y, is evaluated at T, the foill thickness, and wh

) g 1s the hyper-

satellite fluorescence yield.

For the fraction of ions Yz with two K vacancies we use the ex-
pression from the three-component formulation of Allison8° Since there
are three beam components, there are six charge changing cross sections
0019010,0125621,0029620 which describe formation and loss of 0,1, or
2 K vacancies. (We use the notation of ref. 8.) With this expression
for YZ9 eq.(1l) is integrated over foil thickness and the result is

used in conjunction with eq. (2) giving an expression for the hyper-

. . . ~-h . .
satellite production cross section OX for a foil of thickness T

. £.7 ~f T
-h _.h Pl N 2
GX(T) = AX{YZOO - F T(1 e Yy o+ : T(l e )}
1 2
(3)
wh £.T -f.T

K 1 ) 2
~%~T{Y200+Pe + Ne }

where YZOo is the equilibrium fraction of ions with two K vacancies

and P, N, fl and fz are functions of the six K-vacancy formation and
8

loss cross sections Oij where i, 3 = 0, 1, 2 and i # j.



We now wish to see 1f the hypersatellite data shown in Fig. 2
can be described with eq. (3). A least squares fit to the data will

not give meaningful results since the eight free parameters—-namely,

h
Az, wK and the six Uij'Smwcannot be determined independently. A more

stringent test of the validity of eq. (3) is acehived if, by choosing

reasonable values for the eight parameters, the foil thickness depen-

1

h .
dence of GX can be predicted.
The values chosen for the parameters are shown in the second vow of

Table 1. 601 and GlO were taken to be equal to the values obtained

from the two-component analysis of the single K-vacancy data. 002 can

. . -h .
be estimated by extrapolating OX to zero target thickness, where

Onn = 82(0)/w§ and wh was taken to be equal to the single K-vacancy

02 K

value W+ The double capture cross section 020 should be small and

was arbitrarily chosen to be slightly smaller than o In any case,

02°

because of its relative smallness, OZO has little effect on either the

magnitude or thickness dependence of 52 calculated from eq. (3). 012 is

expected to be nearly equal to O except that O may be slightly

01 1z

smaller due to an increase in the K-shell binding energy when there

is only a single K-electron. should be about twice as large as

Y91

o) since these vacancy loss cross sections are largely due to capture

10
and an ion with two K vacancies should be about twice as likely to
capture an electron, (In addition to capture, radiative and Auger
transitions contribute to 021 and 0100) Finally, Ai was taken to be
equal to the single vacancy value Xx,

The values listed in Table I were substituted into eq. (3) giving

=h
the predicted values for o‘x° The results are shown by the smooth curve

in the lower part of Fig. 2. The agreement with the experimentatal data



is seen to be excellent. The model predicts that 82 decreases for
foil thickness 3 70 ug/cm2 and the data tend to confirm this trend.

The upper part of Fig. 2 shows the ratio of double to single K-vacancy
x-ray intensities. Again the agreement between the measured and calcu-
lated values is excellent. The calculated wvalues for gx were taken
from the dashed curve in Fig. 2.

The effect of the above results on the determination of single-to-
double K-vacancy production in heavy ion-atom collisions is evident.
Usually this vacancy ratio is inferred, without regard to target thick-
ness, from the x-ray production yields assuming that the fluorescence
yields for single and double K vacancies are nearly the samel. From
Fig. 2 it is seen that this ratio can change by a factor of 6 in going
from zero to equilibrium target thickness, thereby casting uncertainty
on results obtained by this method. Furthermore, double K-vacancy
sharing ratios have been deduced from measurements of single-to-double
K-vacancy x~ray intensity ratios for target and projectile in near
symmetric collisicnsB. The sharing ratios so obtained may have to
be re-examined in view of the results presented here.

Another area of investigation which 1s directly affected by the
results presented here is the determination of the branching ratio

h

h
Kda/Ka for two-electron—one-photeon transitions,

5 h
*” where X is the
oo
correlated two-electron-one~photon transition intensity. This
branching ratio is usually detemined from separate measurements of the
. h h , h h
ratios K. /K and K /K . Since the measurement of K /K and K /K
oo’ o oo ao’ o a o
require different experimental techniques, care must be taken to use

foils of the same thickness. 1If this 1s not done, then the branching

ratio so obtained will be in error.



In summary, we have measured the variation in projectile hyper-
satellite x-ray vyield as a function of target thickness and we have
shown that this variation is quite different from that of single
K-vacancy x-ray yields., Using the three-component model7’8 to
describe the evolution of double K-vacancy fractions with target
thickness, we have shown that not only the functional dependence but
the absolute magnitude of the observed x-ray yields could be predicted.
Excellent agreement is obtained between our data and the model predictions
given by eq. (3) with no adjustment of parameters.

The results presented here clearly establish the need to include
the effects of target thickness in comparisons of single and double

K-vacancy production in ion-atom collisions.
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Table I. Values of formation and loss cross sections for K vacancies and values of radiative parameters

required for the description of x~ray production, using the two- and three-~component models (refs. 6-8).

h h

arameter GOl 010 012 621 602 OZO W AX Wy XX
Model (kb) (kb) (kb) (kb) (kb) (kb) (kb) (kb)
Two—comp . 250 370 _— —— — —— 0.64 90 e -
Three-comp. 250 370 200 600 12 10 0.64 90 0.64 90

0t



Fig. 1

Fig. 2
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FIGURE CAPTIONS
, 10+
Typical C1 K x-ray spectra for 80 MeV Cl + C

collisions for two foil thicknesses. X-ray peaks corres-

h

h
)} and double (KOC and KB

ponding to single (K@ and K ) K

B

vacancies are seen.

Lower part: Measured single (Ex) and double (82) K=vacancy
x-ray yields as a function of target thickness. The dashed
curve through gx is a least squares fit based on the
two—component model {(ref. 6). The solid curve for 82 was
calculated from the three component model (refs.7 and 8).
Upper part: Measured ratio of double-to-single K vacancy

x~ray intensities compared with calculated results.
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